Background and Aims:
Introduction
Temperat ure measurement represents a useful, stillgrowing area of new perspectives for the clinical assessment of the diabetic foot. 1, 2 Increased foot skin temperature has been described as a classical feature of diabetic neuropathy. [3] [4] [5] The phenomenon is ascribable to increased blood flow in the foot due to impaired vasoconstriction. 4, 6, 7 The advent of portable infrared thermometers has facilitated temperature measurement and enabled home monitoring of foot skin temperature, thereby preventing re-ulceration among high-risk patients. 8, 9 Moreover, a significant positive correlation between foot skin temperature and clinical severity of neuropathy has been reported. 10 
Neuropad
® is a new indicator test that evaluates sudomotor dysfunction of the feet in diabetes patients. 11 This is based on the evaluation of a color change from blue to pink. 11 It has been shown that the time to complete color change is useful in the assessment of the severity of neuropathy, using the Michigan class as the gold standard. 12 Of note, the test has been demonstrated to be both highly reproducible 13 and very reliable for patient self-examination. 14 However, to the best of our knowledge, the association between foot skin temperature and sudomotor dysfunction has not been examined. Thus the aim of the present study was to investigate the potential association between foot temperature and sudomotor dysfunction in type 2 diabetes mellitus.
Patients and Methods
This study included 51 patients (group A: 25 men, mean age 61.14 ± 6.11 years, mean diabetes duration 8.11 ± 4.09 years) without sudomotor dysfunction and 52 patients (group B: 25 men, mean age 59.54 ± 6.18 years, mean diabetes duration 8.02 ± 4.25 years) with sudomotor dysfunction. The two groups were matched for age, sex, and diabetes duration. Patients were recruited from the Outpatient Clinic of the Diabetic Foot at the Second Department at Democritus University of Thrace, Greece. The study was conducted in accordance with the Helsinki Declaration of Human Rights, and all patients gave their informed consent. Recruitment was consecutive and performed in a tertiary care setting.
Exclusion criteria were age <17 or >75 years; peripheral arterial disease; other potential causes of peripheral neuropathy; peripheral nerve lesions; current foot ulceration; trauma or infection; active or past Charcot osteoarthropathy; pedal edema; chronic renal, liver, or heart failure; thyroid disease; other systemic disease; skin diseases (neurodermatitis, psoriasis, scleroderma, allergy to metals, Raynaud syndrome, hyperhidrosis, acrocyanosis); as well as medication that might interfere with sweating or body temperature. 10, 11 Peripheral arterial disease was defined as ankle-brachial index <0.9 in at least one limb, as measured by the authors using a handheld 8 MHz Doppler device (MiniDop handheld Doppler, Hadeco, Inc., Japan) and a sphygmomanometer. 15 Other potential causes of peripheral neuropathy and peripheral nerve lesions were excluded on the basis of patients' medical history.
Sudomotor dysfunction was diagnosed by means of the indicator test Neuropad. 11 Patients were allowed to rest in constant room temperature (25 °C) for 10 min after they had taken off their socks and shoes. Indicator tests were applied to both soles at the level of the 1st-2nd metatarsal heads. 11 Time until complete color change of the test from blue to pink was recorded in seconds with an exactitude of 10 s. Sudomotor dysfunction was defined as time until complete color change of the test exceeding 600 s in at least one foot. 11 Foot skin temperature was measured with a handheld infrared thermometer (KM 814, Kane-May, United Kingdom) on the plantar aspect of the foot at the level of the first metatarsal head (plantar temperature). 10 Foot skin temperature was measured by a physician who was blinded as to the presence of sudomotor dysfunction. Measurement was performed in constant room temperature (25 °C), and a 10-min interval was allocated for patient acclimatization after removal of socks and shoes. 10 Statistical analysis was performed using the Statistical Package for Social Sciences 13.0. Quantitative variables had normal distribution (as documented by Kolmogorov Smirnov test). Data were expressed as mean ± standard deviation and were compared by t-test. The correlation between temperature measurements and time until complete Neuropad color change was evaluated by Pearson's correlation coefficient. Significance was defined at the 5% level (p < .05). Figure 1 ; left foot, group A versus group B, 30.65 ± 1.06 ºC versus 32.19 ± 1.10 ºC, p < .001).
Overall, there was a significant positive correlation between time to complete Neuropad color change and foot skin temperature (right foot, r = 0.742, p < .001, as shown in Figure 2 ; left foot, r = 0.758, p < .001). This correlation was observed separately both in group A (right foot, r = 0.618, p < .001; left foot, r = 0.640, p < .001) and in group B (right foot, r = 0.656, p < .001; left foot, r = 0.663, p < .001).
Discussion
The present work examined the association between Neuropad and foot skin temperature measured with a portable infrared thermometer. Both tests have already been reported to be reproducible 10, 13 and to have value for patient self-examination. 8, 9, 14 It was shown that patients with sudomotor dysfunction exhibited significantly higher foot temperature than those without sudomotor dysfunction. This difference held true for the right and left foot. The difference in temperature may be explained by the fact that the neuropathic foot is often warmer. 3, 6, 7, 16 We have previously shown that patients with neuropathy exhibit significantly higher skin temperature on the plantar aspect of the foot. 10 This study extends our previous findings to the specific setting of sudomotor dysfunction. The latter is a manifestation of neuropathy due to involvement of sympathetic postganglionic cholinergic fibers that innervate sweat glands, leading to dry skin in the foot. 5, 17, 18 Essentially, it is due to this sudomotor neuropathy that warmer feet do not, as expected, produce more sweat but are instead, paradoxically, associated with dry skin. Interestingly, Neuropad has a very high sensitivity and a modest specificity for peripheral neuropathy. 11, 12, 19 Hence the novel finding that sudomotor dysfunction is associated with increased foot temperature is in harmony with the notion that neuropathic feet are warmer. 3, 6, 7, 16 Moreover, a significant positive correlation was observed between time to complete Neuropad color change and foot temperature. Again, this correlation was demonstrable in both legs. Of note, time to complete Neuropad color change has been shown to be a sensitive measure of the severity of neuropathy. 12, 19 Thus our findings confirm previous evidence that the elevation in foot temperature is associated with the clinical severity of neuropathy. 10 Furthermore, given that Neuropad color change is based on a chemical reaction, i.e., the absorption of six water molecules by each molecule of the blue complex salt anhydrous cobalt-II-chloride that is contained in the test, the time required for complete color change is inversely related to skin humidity. 20 Therefore, time to complete color change may be regarded as a marker of the severity of sudomotor dysfunction. Accordingly, we have shown that temperature elevation is correlated with the severity of sudomotor dysfunction.
The limitations of this study may be outlined as follows. First, we included patients from a tertiary care setting. Thus its findings are not directly applicable to the general diabetes population. Indeed, it would be interesting to replicate the results in a primary care setting. One must be careful, however, to respect the exclusion criteria suggested in the present work. Secondly, we did not assess diabetes control (mainly hemoglobin A1c), which may have exerted an unrecognized role.
The practical implications of the present work may be described as follows. In type 2 diabetes patients, sudomotor dysfunction is associated with warmer feet. The former has been recently identified as an important risk factor for foot ulceration, 21 while the latter is a risk factor for reulceration in high-risk patients. 8, 9 The association herein reported gives rise to the speculation that increased foot temperature might prove of value for the identification of patients at risk for foot ulceration. This argument is enhanced by reported findings, in which multivariate logistic regression analysis revealed that an abnormal Neuropad test was very strongly correlated with presence of foot ulceration. 22 Nevertheless, due to the aforementioned limitations, some caution is needed before suggesting increased foot temperature as a risk factor for ulceration in the general diabetes population. Indeed, reexamination in a large prospective survey would be useful.
Conclusions
Patients with sudomotor dysfunction have significantly higher foot temperature than those without sudomotor dysfunction. Foot temperature is positively correlated with severity of sudomotor dysfunction, as evaluated by time to complete Neuropad color change. These findings should be interpreted in the context that both reduced sweating and increased temperature are associated with the risk for foot ulceration and appear to be useful in identifying at-risk patients. Of particular importance, both Neuropad and the handheld infrared thermometer are very easy to use and have been evaluated for patient self-examination. 8, 9, 14 The present work adds to the body of knowledge that the neuropathic foot is warmer and encourages the future application of temperature measurement in the study of the diabetic foot.
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